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Overexposure to short- and long-wave ultraviolet radiations (UVB, UVA) may contribute to melanoma development
through combined genotoxic and mitogenic effects in melanocytes. This study compares the impact of UVA-1
versus UVB, and single versus fractionated exposures on melanocyte proliferation in hairless SKH-2 mice. A single
erythemal dose was compared with an equal dose fractionated over 8 d, and dose-dependency was studied.
Proliferation (Ki-67 positive-sign) in melanocytes (melanoma antigen recognized by T-cells-1 positive or micro-
pthalmia transcription factor positive) was ascertained in double-labeled skin sections. Single erythemal UVB
exposures caused a delayed, dose-dependent increase of melanocyte proliferation. The highest, 17-fold, increase
(from 0.05% to 0.8% of melanocytes) occurred 4 d after UVB exposure, without any detectable effect on overall
melanocyte numbers. Correspondingly, DNA repair-deﬁcient xeroderma pigmentosum A (Xpa) mice proved exqui-
sitely sensitive to melanocyte proliferation induction by UVB exposure. No discernable effects were measured from
fractionated suberythemal UVB exposures, or from any UVA-1 exposure regimen. Hence, melanocyte proliferation
appears to be most efﬁciently induced by a single UVB overexposure. Moreover, the ineffectiveness of UVA-1 ra-
diation and the enhanced sensitivity of Xpa mice point at pyrimidine dimers as causative DNA lesions. Consequently,
murine nevi and melanoma are expected to be most effectively induced by intermittent UVB overexposures.
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Sun exposure is a commonly recognized risk factor for me-
lanoma but little is known about the precise molecular
mechanism by which ultraviolet (UV) radiation contributes to
the development of this tumor (Scotto et al, 1991). Epide-
miological studies generally agree on the risk posed by ep-
isodes of sunburn but appear to contradict each other on
the timing of sunburn and the relative contributions of UVA
and UVB radiations. Elucidation of these issues could play
an important role in the prevention of melanoma.
The UV portion of the solar light that reaches the earth’s
surface consists of UVA-1 (wavelengths 340–400 nm), UVA-
2 (315–340 nm), and UVB radiation (280–315 nm), each of
which produces a specific profile of DNA damage. Cyclo-
butane pyrimidine dimers are primarily caused by UVB ra-
diation, approximately 100 times less efficiently by UVA-2,
and approximately 10,000 times less efficiently by UVA-1.
Oxidative DNA damage, however, is induced over the entire
UV spectrum (Kielbassa et al, 1997). These DNA modifica-
tions may lead to mutations that may hamper the functions
of genes that regulate cell proliferation and ultimately result
in the development of skin cancer in general (de Gruijl et al,
2001). Reports on UVB- or UVA-specific (fingerprint) muta-
tions occurring in sporadic melanomas are, however, scarce
(Peris et al, 1999; Chan et al, 2001).
An additional mechanism by which UV radiation may
contribute to the development of skin cancer is through
stimulation of cell division. If DNA damage in a proliferating
cell escapes DNA repair mechanisms, coding errors may
arise in the replicated DNA, and thus mutations may occur
in the progeny. The tumor-promoting potential of UV radi-
ation has been well documented for tumors arising from
keratinocytes, such as squamous cell carcinomas and pap-
illomas (de Gruijl and Forbes, 1995). Detailed information on
the promoting potential of UV light on melanocytes is, how-
ever, lacking.
Earlier studies on the effect of UV radiation on me-
lanocytes have shown increased melanocyte numbers after
UV exposure both in human and murine skin. Both narrow-
band UVA (365 nm) and UVB (304 nm) radiations were
shown effective in causing increases in melanocyte num-
bers in volunteers (Rosen et al, 1987; Bacharach-Buhles
et al, 1999). This effect was shown to be less intense when
the erythemagenic UVB dose was fractionated into smaller
daily doses (An et al, 2001) which may indicate that ery-
thema is an important factor in the increase.
Several mechanisms could play a role in the increase of
melanocyte numbers, e.g., genuine proliferation, maturation
of melanoblasts (melanocyte precursor cells), but also re-
cruitment from distant sites or activation of melanin syn-
thesis in dormant melanocytes. It is therefore not possible
Abbreviations: MED, minimal edemal dose; MiTF, micropthalmia
transcription factor; PBS, phosphate buffered saline; UV, ultravio-
let; Xpa, xeroderma pigmentosum A
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to infer that these responses necessarily include genuine
melanocyte proliferation.
This problem was recognized by several authors and
addressed in two different ways. First, incorporation of
radioactive-labeled thymidine was shown in 3,4-di-
hydroxyphenylalanine (DOPA)-stained melanocytes after
exposure of mice to UVB radiation (Rosdahl and Szabo,
1978), thus indicating the occurrence of DNA replication
(repair excluded). Second, in human melanocytic nevi an
increased staining of the proliferation markers topoisom-
erase II and Ki-67 was noted after erythemagenic doses of
broadband UV (UVB plus UVA) irradiation (Tronnier et al,
1997; Rudolph et al, 1998). Melanocytes in nevi may, how-
ever, react different from normal melanocytes as they often
contain oncogenic mutations in the B-Raf gene (Yazdi et al,
2003).
In experiments with melanocytes cultured in vitro both
UVB- and UVA radiation-induced melanocyte proliferation
(Yohn et al, 1992; Romero-Graillet et al, 1997), but it remains
questionable whether the doses applied are relevant to the
in vivo situation. Frank proliferation in vivo has been report-
ed in studies employing UVB and mixed sources (Jimbow
and Uesugi, 1982; Tronnier et al, 1997; Kawaguchi et al,
2001) but reports on the (in-) ability of UVA to induce pro-
liferation are lacking.
To establish to which extent UVA and UVB can stimulate
murine melanocyte proliferation in vivo and to address the
question of whether melanocyte proliferation depends on
erythema we compared the effects of UVA-1 and UVB ra-
diations and of fractionated and equivalent single erythema-
genic exposure regimens in pigmented hairless Crl-Hr mice.
The optimum exposure regimen was then employed to
carry out a dose–response study.
Results
UVA-1 and UVB irradiation cause different erythemal
responses A clearly visible edemal–erythemal response,
starting at 1 d after the exposure, was only noted in the
animals exposed to single applications of 2, 4, and 6 min-
imal edemal doses (MED) UVB. Similar responses were ob-
served in the xeroderma pigmentosum A (Xpa)-knockout
mice that were exposed to 250 J per m2 UVB (4 MED for
Xpa knockouts that equals 1/2 MED for wild-type mice). The
edemal/erythemal response to UVA-1 was not immediately
evident when the entire back of an animal was exposed. But
the effects were visible on mice that were partly shielded
with tape to assess the MED at an acute border between
exposed and unexposed skin (supplementary Fig S1 avail-
able on the JID website). Evidently, the observed erythema
with UVA-1 radiation was mild and did not show a steep
gradient in reddening with increasing exposure time; the
overall mild erythema may be related to the long exposure
times (up to 9 h, in contrast to UVB exposure up to 1 h) but
the 6 MED equals about the maximum achievable daily
dose in tropical areas of Australia.
UVB irradiation causes hyperplastic responses as op-
posed to UVA-1 Despite the lack of edema/erythema, an-
imals exposed to daily suberythemal doses of UVB showed
a marked epidermal hyperplasia that increased from 2 to 4.5
cell layers after 4 d of irradiation and subsequently de-
creased. Similarly, a transient increase in epidermal thick-
ness was noted after single erythemal UVB irradiations of 2,
4, and 6 MED, but this only became evident 4 d after the
exposure and was dose-dependent (supplementary Fig S2,
available on the JID website). Exposure to UVA-1 had no
discernable effect on the number of epidermal cell layers,
irrespective of dose or recurrence. One day after the expo-
sures to UVB, a dose-dependent increase in the numbers of
sunburn cells was noted whereas exposures to UVA-1 failed
to induce any discernable sunburn cells (Fig 1). UVA-1 (and
UVB), however, caused a marked increase in p53-positive
cells in the basal layer of the epidermis 1 d after the ex-
posures (Fig 2). Both UVA-1 and UVB exposure failed to
cause a clinically visible hyperpigmentation in any of the
exposure regimens tested here, and over an observational
period up to 8 d after exposure.
UVB irradiation increases melanocyte proliferation as
opposed to UVA-1 Mart-1- and micropthalmia transcrip-
tion factor (MiTF)-positive cells were confined to the dermis
and hair follicles. Epidermal melanocytes were absent in
both ear and dorsal skin, also after exposure to UV light. In
the dermis an average of 31 Mart-1-positive cells were
counted per millimeter of epidermis. By comparison, only an
average of 10 cells per mm were positive for MiTF. None of
the UV wavelengths and doses applied in the experiments
reported here had a detectable effect on overall melanocyte
numbers.
Ki-67 staining, indicating proliferation, was intense along
the basal layer of keratinocytes in the epidermis (Fig 3). In
the control groups, cells double positive for Ki-67 and either
0 1 2 3 4 5 6
0
2
4
6
8
10
UVB
UVA-1
p<
0.
05 p
<
0.
00
1
dose in MED
su
n
bu
rn
 
ce
lls
 
pe
r 
m
m
e
pi
de
rm
is
wildtype mice
Figure1
Ultraviolet (UV)B exposure results in a dose-dependent increase in
sunburn cells. Mice were exposed to UVB (0, 2, 4, and 6 minimal
edemal doses (MED)), skin biopsies were taken 24 h after initiation of
the exposure, and the numbers of sunburn cells were counted as de-
scribed in Materials and Methods. The p-values indicate the level of
significance compared with the control group in Dunnett’s T test for
repeated measures (the absence of superscript means the differences
were not statistically significant). Results are expressed as mean 
SEM (n¼ 3 for each dose).
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Mart-1 or MiTF (i.e. proliferating melanocytes) were ex-
ceedingly rare: 0.05 and 0.04 cells per mm, respectively.
The numbers of proliferating Mart-1-positive melanocytes
were dose-dependently enhanced by single erythemagenic
UVB treatments, with increases up to 17 times (Fig 4). This
increase peaked at 4 d after the exposure. The proliferative
response of melanocytes located in the ears was essentially
the same as melanocytes in dorsal skin, although a higher
standard deviation was found in ears (results not shown).
Repeated suberythemagenic UVB treatments caused a mild
and transient increase in melanocyte proliferation but this
was statistically insignificant. The numbers of proliferating
MiTF-positive melanocytes to UVB were almost identical to
the numbers of proliferating Mart-1-positive melanocytes
(Fig 4), although the total number of MiTF-positive cells was
three times lower than the number of Mart-1-positive cells.
UVA-1 irradiation of mice, in a single or fractionated expo-
sure, failed to cause any proliferative stimulation of the me-
lanocytes (results not shown).
UVB irradiation causes thymidine cyclobutane dimer
formation in dermal melanocytes In contrast to untreated
control animals, mice exposed to 4 MED UVB or the equiv-
alent dose fractionated over 8 d displayed high levels of
nuclear staining for thymidine cyclobutane dimer DNA dam-
age in epidermis and dermis (Fig 5). The dermal thymidine
cyclobutane dimer staining included both melanocytes
(double stained with Mart-1) and surrounding dermal cells,
and was restricted to the uppermost dermis. Approximately
17% of Mart-1-positive cells were double stained for thy-
midine cyclobutane dimers in skin exposed once to 4 MED
UVB, whereas only 11% was double positive in skin ex-
posed eight times to 0.5 MED UVB.
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Figure 2
Ultraviolet (UV)A-1 and UVB exposure result in a dose-dependent
increase in p53-expressing cells. Mice were exposed to UVB (0, 2, 4,
and 6 minimal edemal doses (MED)) or UVA-1 (0, 3, and 6 MED), skin
biopsies were taken 24 h after initiation of the exposure and the num-
bers of p53-expressing cells were stained and counted as described in
Materials and Methods. The p-values indicate the level of significance
compared with the control group in Dunnett’s T test for repeated
measures (absence of p-value means the differences were not statis-
tically significant). Results are expressed as mean  SEM (n¼3 for
each dose).
Figure 3
Melanocyte proliferation in the dorsal skin of mice. Overview: me-
lanocytes (Mart-1-positive cells, stained blue) were observed only in the
dermis of control and exposed mice. Proliferation (Ki-67-positive cells,
stained red) was seen over the entire basal layer of keratinocytes and in
less than 1% of melanocytes. Inset: proliferating melanocyte (Ki-
67þMart-1 double stained). This sample was taken from a Crl-Hr
mouse exposed to 6 minimal edemal doses ultraviolet B and sacrificed
4 d later.
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Erythemal ultraviolet (UV)B expo-
sures increase the numbers of
proliferating melanocytes in dor-
sal skin. Mice were exposed to
UVB, skin biopsies were taken and
the numbers of cells double posi-
tive for either Ki-67 and Mart-1
(cross-hatched bars) or Ki-67 and
micropthalmia transcription factor
(MiTF) (clear bars) were counted as
described in Materials and Meth-
ods. The p-values indicate the level
of significance compared with the
control group in Dunnett’s T test
(the absence of p-value means the
differences were not statistically
significant). Results are expressed as mean  SEM. Control groups:
n¼5, exposed groups n¼ 3. (A) Suberythemagenic UVB exposures
repeated on successive days, single erythemagenic exposure, re-
sponses after cessation of exposure. In an additional experiment, me-
lanocyte proliferation was found to have returned to control level, at 8 d
after exposure to a single 4 minimal edemal doses (MED) UVB dose. (B)
Dose-dependent effect of single erythemagenic exposure assessed
4 d after exposure.
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Xpa-knockout mice are exquisitely sensitive to me-
lanocyte proliferation induction by UVB irradiation The
response of DNA repair-deficient Xpa mice to a single irradi-
ation with 250 J per m2 (4 MED for Xpa knockouts) was sim-
ilar to overexposed wild-type mice: melanocyte proliferation
was mildly increased (1.6-fold) 2 d after the exposure and
highly increased (22-fold) 4 d after exposure (Fig 6).
Discussion
The results of this study clearly indicate that melanocytes
proliferate in response to erythemagenic UVB radiation. We
observed a dose-dependent increase in the number of pro-
liferating melanocytes that occurred at 4 d after a single
overexposure. This increase was preceded by a lag phase,
as no increase in melanocyte proliferation was found at 4 h
after the exposure and only a small increase at 2 d after
exposure. Dosage fractionation had a profound effect on
the outcome, whereas a single irradiation with 4 MED
caused a significant induction of melanocyte proliferation;
the same amount of light split over 8 d was ineffective.
Similarly, a single erythemagenic UV irradiation caused
more proliferation of melanocytes in human melanocytic
nevi compared with fractionally applied high doses (Tronnier
et al, 1997). These results show that an erythemagenic dose
is required to effectively induce melanocyte proliferation in
hairless mice.
Despite the significant increase in proliferation that was
demonstrated, an increase in the numbers of Mart-1- and
MiTF-positive melanocytes could not be detected, probably
because of the relatively small amount of proliferating me-
lanocytes (always less than 1%) relative to the total number
of melanocytes. Earlier studies in humans and mice report-
ed increases in DOPA)-reactive and tyrosinase-positive me-
lanocyte numbers after single and repeated UV exposures
(Jimbow and Uesugi, 1982; An et al, 2001; Kawaguchi et al,
2001). Increases in DOPA-positive cells, however, reflect the
Figure 5
DNA damage in melanocytes 4hrs after a single exposure to 4
minimal edemal doses (MED) ultraviolet (UV)B. Melanocytes were
stained with an antibody against Mart-1 (stained blue), DNA damage
was stained with an antibody raised against thymidine cyclobutane
dimers (stained red). The black boxes indicate the position of the cells
that are magnified in the insets. (A) Skin exposed to a single dose of 4
MED UVB. (B) Skin exposed fractionally to eight times 0.5 MED UVB.
(C) Unexposed skin.
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Exposures of xeroderma pigmentosum A (Xpa) knockout mice to
250 J per m2 ultraviolet (UV)B increase the numbers of proliferating
melanocytes in dorsal skin. Xpa knockout mice were exposed to 250
J per m2 UVB, a dose that did not affect melanocyte proliferation or
erythema in wild-type mice. Xpa mice reacted to this dose with ery-
thema as expected since they are eight times more sensitive to the
acute effects of sunburn than wild-type mice (Berg et al, 1997). Skin
biopsies were taken and the numbers of cells double positive for Ki-67
and Mart-1 were counted as described in Materials and Methods. The
cross-hatched bars represent exposed skin at two different time points
and the clear bar represents unexposed skin. The p-values indicate the
level of significance compared with the control group in Dunnett’s T test
(absence of p-value means the differences were not statistically sig-
nificant). Results are expressed as mean  SEM (all groups: n¼ 3, ex-
cept control group, n¼4). Maximal melanocyte proliferation induction
occurred at day 4 as in wild-type mice (Fig 4).
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summed effects of activation and proliferation of me-
lanocytes (Kawaguchi et al, 2001). Seventy-two hours after
exposure of volunteers to 2 MED UVB, no significant in-
crease in TRP-1-positive melanocytes was found (Stefanato
et al, 2003) indicating that activation rather than proliferation
is the major contributor to the increases in DOPA-positive
melanocytes reported earlier.
Although the averaged numbers of Mart-1- and MiTF-
positive cells differed by a factor of 3, the numbers of cells
double staining with Ki-67 were remarkably similar in our
experiments. Most likely, the cells staining double positive
for Ki-67 and either Mart-1 or MiTF in our experiments were
identical. Whereas Mart-1 is a general marker for cells of the
melanocyte lineage (De Maziere et al, 2002), expression of
MiTF was shown to be higher in melanoblasts compared
with mature melanocytes (Hou et al, 2000; Kawaguchi et al,
2001). This may indicate that in our studies melanoblasts
contributed to proliferation, in analogy to the results of
Kawaguchi et al where cells positive for MiTF and the pro-
liferation marker 5-bromo-20-deoxyuridine appeared to be
the predominant contributors to proliferation.
As a positive control for the effectiveness of the UVA-1
doses used, p53 accumulation in epidermal basal cells was
determined that was significantly enhanced according to
earlier observations (de Laat et al, 1997). Nevertheless, no
discernable effect on melanocyte proliferation of exposures
to UVA-1 radiation was found. This held true for fractionated
and single exposures, at all time points and all doses as-
sessed in the experiments. It should be noted that the
maximum dosages used were 4150% of the maximal
achievable daily UV dose in Townsville, Australia which is
close to the equator (Moise et al, 1999), so the application of
even higher doses appear to be physiologically irrelevant.
This lack of an effect of UVA-1 radiation on melanocyte
proliferation seems to contradict some earlier studies. Hu-
man volunteers irradiated fractionally with 2000 and 6000 kJ
per m2 UVA-1 developed increased numbers of melano-
cytes (Bacharach-Buhles et al, 1999). As noted earlier with
the UVB data, the authors report increased numbers of
DOPA-positive melanocytes, which may be largely attribut-
able to activation of melanocytes.
As we only found proliferation responses after UVB irra-
diation, we sought to relate this process to UVB-specific
DNA damage. Hitherto, we used Xpa-knockout mice that
are deficient in nucleotide excision repair, which is needed
to clear out pyrimidine cyclobutane dimers and 6,4-photo-
products (Hoeijmakers, 2001). In these Xpa mice a single
exposure to 62.5 J per m2 UV from TL-12 lamps already
caused an increase in melanocyte proliferation plus a visible
erythema, whereas this dose was ineffective in wild-type
mice. This observation supports the notion that the forma-
tion of pyrimidine cyclobutane dimers and/or 6,4-photo-
products is needed to trigger the signaling cascade leading
to melanocyte proliferation, but it gives no clue about the
localization of the DNA damage: did the signal originate
from keratinocytes or from melanocytes themselves?
To investigate whether melanocytes are themselves
damaged by UVB, we performed a double staining for thy-
midine cyclobutane dimers and Mart-1. From Fig 5 it is ev-
ident that the UVB was able to penetrate into both
epidermis and the uppermost dermis and cause the forma-
tion of dimers in keratinocytes, melanocytes, and other un-
specified cells in the dermis. Secondly, pyrimidine dimers
were observed in melanocytes of both repeated suberythe-
mol and single erythemal UVB-exposed mice with slightly
more damaged melanocytes in the latter group. This indi-
cates that the level of DNA damage is related to the level of
melanocyte proliferation.
An alternative or additional mode of action may be
that keratinocytes in erythemous skin produce cytokines,
growth factors, and/or neuropeptides to which melanocytes
respond by proliferation. For example, erythemagenic dos-
es of UV result in the production of stem cell factor and
endothelin-1 in mouse skin (Kligman and Murphy, 1996; Ahn
et al, 1998), and of stem cell factor and a-melanocyte-stim-
ulating hormone in human skin (Hachiya et al, 2001; Schiller
et al, 2004) all of which affect the proliferation of cultured
melanocytes (reviewed in Vancoillie et al, 1999). Conse-
quently, the proliferation response observed in these
experiments may have resulted in part from paracrine stim-
ulation.
Several differences in skin architecture may limit the ex-
trapolation from hairless mice to humans such as the ab-
sence of melanocytes in the basal layer of the murine
epidermis and the thinner epidermis of mice. Therefore, the
murine melanocytes function in a different context (dermal)
and may on average receive less UV energy than their hu-
man counterparts. But any direct effects from UV irradiation
are likely to occur in both murine and human melanocytes
(pyrimidine dimers were detected in the murine me-
lanocytes). As UVA-1 penetrates much deeper into the skin
than UVB, a lack of effect from UVA-1 cannot therefore be
attributed to absorption. The difference in skin structure
may, however, affect the amount of paracrine growth factors
synthesized by keratinocytes and fibroblasts that reaches
the melanocytes, which may hamper a direct extrapolation
of these results from mice to man. In conclusion, these data
show the most efficient induction of murine melanocyte
proliferation by UVB overexposure. Unexpectedly, we found
no detectable effect from UVA-1 radiation that in combina-
tion with the exquisite sensitivity of Xpa mice points at the
importance of pyrimidine dimers in evoking the proliferative
response in the melanocytes of murine skin.
Materials and Methods
Animals Hairless mice of the outbred pigmented hairless strain Hr
(SKH-2) were acquired from Charles River Laboratories (Wilming-
ton, Massachusetts) and the strain was maintained in our own
animal facility. Mice were housed individually with standard CRM
[E] mouse chow (Special Diets Services, Witham, UK) and tap wa-
ter ad libitum. The ambient temperature was kept at 251C and the
room was illuminated for 12 h per day with yellow fluorescent TL40
W/16 tubes (Philips, Eindhoven, the Netherlands).
UV exposure Cages were placed in an automatically time-
switched irradiation setup (schematically represented in Berg
et al, 1997). Philips TL12/40 W and TL10/40 W lamps were used
for UVB and UVA-1 exposures, respectively. The TL12 lamp has a
broad emission spectrum ranging from 275 to 373 nm (at 1% of
peak level), with an emission maximum at 313 nm (a mercury line),
containing 59% UVB, 32% UVA-2, 8% UVA-1, and 0.7% UVC. The
TL10 lamp has an emission spectrum ranging from 346 to 384 nm
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(1% levels), with an emission maximum at 365 nm (also a mercury
line), containing 99.9% UVA-1 and 0.1% UVA-2.
For UVA-1 irradiations, a specially selected 10 mm thick glass
filter was used to filter out rigorously all wavelengths shorter than
325 nm. During UVA-1 irradiations cages were cooled by an elec-
tric fan. The doses employed were multitudes of MED (for UVB:
see Rebel et al, 2002; for UVA-1: Rebel, unpublished data; and
reassessed for this study). For the TL12/40 W lamp 1 MED cor-
responds to 500 J per m2, i.e. 200 s at 2.5 W per m2 (UVB detection
head, Solar Light, Philadelphia, Pennsylvania) and for the TL10/40
W lamp 1 MED corresponds to 325 kJ per m2, i.e. 90 min at 60 W
per m2 (UVA detection head, Waldmann, Villingen-Schwenningen,
Germany). Both detection heads were calibrated against a radio-
spectrometer (model 742, Optronic Laboratories, Orlando, Florida).
Permission for the present experiments was obtained from
the Ethical Commissions on Animal Experiments of the University
Medical Centers in Utrecht and Leiden, the Netherlands.
Experimental setup
Experiment 1 To assess the effects on melanocyte proliferation of
fractionation of UVB exposure and recuperation time after expo-
sure, 18 mice were daily exposed to 0.5 MED UVB (250 J per m2),
11 mice were exposed to a single dose of 4 MED (2000 J per m2),
and five mice were kept as controls. From the daily exposed an-
imals, groups of three mice were sampled at days 2, 4, and 6
during the daily exposures, and 4 h, 2, and 4 d after the exposure.
The mice exposed to the single dose of 4 MED were sampled at 4 h
and 2, 4, and 8 d after the exposures. The same experimental
setup was used to study the effects of UVA-1: 18 mice were daily
exposed to 0.5 MED UVA (163 kJ per m2), 12 mice were exposed
to a single dose of 4 MED (1300 kJ per m2), and five mice were
kept as controls. From the daily exposed animals, groups of three
mice were sampled at days 2, 4, and 6 during the daily exposures,
and 4 h, 2, and 4 d after the exposure. The mice exposed to the
single dose of 4 MED were sampled at 4 h and 2, 4, and 8 d after
the exposures.
Experiment 2 To assess the dose–response relationship for UVB-
induced melanocyte proliferation nine mice were exposed to doses
of 2, 4, and 6 MED UVB (i.e. 1000, 2000, and 3000 J per m2,
respectively). These mice were sampled at 4 d after the exposure.
An unexposed group of five mice was used as control.
To assess the dose–response relationship for UVA-1-induced
melanocyte proliferation nine mice were exposed to doses of 2, 4,
and 6 MED UVA-1 (i.e. 650, 1300, and 1950 kJ per m2, respec-
tively). These mice were sampled at 4 d after the exposure. An
unexposed group of five mice was used as control.
Experiment 3 To confirm dependence of melanocyte proliferation
on sunburn and DNA damage, a UVB treatment from experiment 1
was repeated on Xpa-knockout mice (de Vries et al, 1995) crossed
onto the Hr (SKH-2) background (N3 generation: 83% Hr, 17%
C57Bl6). This experiment involved a control group (n¼ 4), a group
exposed to 250 J per m2 (4 MED for Xpa mice) and left to recover
for 2 d (n¼ 3), and a group exposed to 250 J per m2 and left to
recover for 4 d (n¼ 3). Homozygous Xpa-knockout mice are eight
times more sensitive to the acute effects of sunburn than wild-type
mice (Berg et al, 1997), i.e. an eight times lower MED, and the Xpa
mice were therefore subjected to an eight times lower UVB dose.
Experiment 4 To determine the dose-dependent effects of UVB on
short-term responses like sunburn cell formation and p53 accu-
mulation, three mice were partly covered by UV-impermeable tape.
Mice were then exposed and successively more skin areas were
taped off. Thus, four well-defined skin areas were exposed to 0, 2,
4, and 6 MED. For UVA-1 a dose series of 0, 3, and 6 MED was
assessed similarly.
Whole-skin biopsies of approximately 10  10 mm were taken
from the dorsal side of each mouse, 24 h after initiation of the
exposure. The biopsies were fixed in 4% formaldehyde solution
(Merck, Darmstadt, Germany) overnight and subsequently embed-
ded in paraffin.
Histology and immunohistochemistry Paraffin sections (5 mm)
of each specimen were deparaffinized and stained with hem-
atoxilin and eosin to allow determination of skin thickness and
sunburn cells. To allow antigen retrieval for the double staining of
proliferating melanocytes, slides were immersed in boiling citrate
buffer (pH 6.0) and endogenous peroxidase activity was blocked
by treatment with 0.3% hydrogen peroxide. Sections were blocked
in 10% normal goat serum (Dako, Glostrup, Denmark) in phos-
phate-buffered saline (PBS), and incubated for 60 min with the
primary antibodies diluted 1:1000 in PBS. The primary antibodies
used were monoclonal mouse anti-human Melan-A/Mart-1 (clone
A103, Dako, referred to as Mart-1) or monoclonal mouse anti-hu-
man MiTF (1:20, clone C5, Neomarkers, Westinghouse, California)
to detect melanocytes and polyclonal rabbit anti-human Ki-67
(Novocastra, Newcastle upon Tyne, UK) to detect proliferating
cells. After washing the slides, they were incubated with biotin-
labeled goat anti-rabbit IgG (1:300, Vector laboratories, Burlin-
game, California) and fluorescein isothiocyanate-labeled goat
anti-mouse IgG1 (1:200, Serotec, Oxford, UK). ABComplex/horse
radish peroxidase reagent (Dako) and alkaline phosphatase-labe-
led sheep anti-fluorescein isothiocyanate Fab fragments (Roche,
Mannheim, Germany) were used according to the manufacturer’s
instructions. Alkaline phosphatase activity was visualized by Fast
Blue BB and peroxidase activity by 3-amino-9-ethylcarbazole
(both from Sigma, Zwijndrecht, the Netherlands). Negative controls
omitting either one or both of the primary antibodies were run in
parallel with each lot of slides processed.
Melanocytes displaying UV-induced DNA damage were immuno-
histochemically stained with Mart-1 as described above. Secondly,
slides were fixed in acetic acid/peroxide and then pre-incubated
with 10% normal rabbit serum (Dako) in PBS. The slides were
incubated for 60 min with a mouse antibody against DNA con-
taining thymidine cyclobutane dimers (1:1000, clone KMT53,
Kamiya Biomedical Company, Seattle, Washington) in PBS. As
secondary antibody, rabbit anti-mouse IgG1 biotin (1:200, Zymed,
San Francisco, California) was used. After application of ABCom-
plex/horse radish peroxidase, the labeling was visualized with 3-
amino-9-ethylcarbazole as described above.
Epidermal cells expressing p53 were immunohistochemically
stained according to the protocol above, using the rabbit poly-
clonal CM-5 antiserum (1:500, Novocastra), biotin-labeled goat
anti-rabbit IgG, ABComplex/horse radish peroxidase, and 4-dime-
thylaminoazobenzene to visualize the labeling.
Evaluation of UV effects Skin thickness was assessed by count-
ing epidermal cell layers at five randomly selected spots in a hem-
atoxilin-and-eosin-stained biopsy. Sunburn cells were scored in at
least 15 mm of epidermis per hematoxilin-and-eosin-stained biopsy.
Only cells with entirely blue-stained cytosol (Mart-1 positive)
were counted as melanocytes. Cells with nuclei-stained red (Ki-67
positive) were counted as proliferating cells. The total number of
melanocytes and the number of proliferating melanocytes (Ki-
67þMart-1 or Ki-67þMiTF double stained) were counted in each
biopsy. In the UVB dose–response experiment, proliferating me-
lanocytes were also counted in ear skin to allow comparison with
melanocytes in dorsal skin. At least three cohorts of 100 epidermal
basal cells per biopsy were scored for p53 staining.
Statistics Statistical tests were performed using the SPSS version
10.0 program (SPSS, Chicago, Illinois). The effects of the various
exposure regimens on melanocyte proliferation, melanocyte
number, and skin thickness were tested on significance by anal-
ysis of variance with post hoc tests by Dunnett’s T test for multiple
comparisons. The effects of UV exposures on sunburn cells and
p53 accumulation were tested on significance by repeated meas-
ures analysis of variance with post hoc tests by Dunnett’s T test for
multiple comparisons.
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The following material is available from http://www.blackwellpublishing.
com/products/journals/suppmat/JID/JID23551/JID23551ssm.htm
Figure S1
Erythemal responses of mice exposed to UVA-1. Mice were partly
shielded with UV-impermeable tape (A) and exposed to UVA-1. One day
after exposure, mice displayed a minimal erythema (B and C) that was
most clearly visible at the boundary between unexposed (1) and areas
exposed to 3 MED (2) and 6 MED (3). A relatively large difference in
colour between the control areas of the mice in Figures I b and I c can be
noted.
Figure S2
UVB exposure increases the number of epidermal cell layers in
dorsal skin. Mice were exposed to UVB, skin biopsies were taken and
the numbers of epidermal cell layers were counted as described in the
materials and methods section. The p-values indicate the level of
significance compared to the control group in Dunnett’s T-test (the
absence of superscript means the differences were not statistically
significant). Results are expressed as mean  SEM. Control groups:
n¼5, exposed groups n¼ 3. A: effect of suberythemagenic UVB
exposures repeated on successive days, single erythemagenic
exposure, and responses after cessation of exposure. B: Dose-
dependent effect of a single erythemagenic exposure, assessed four
days after the exposure.
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